ant aneurysms, coiling is associated with less than ideal long-term obliteration rates. 3, 8, 14 Recently, flow diversion has emerged as an excellent treatment option for unruptured and previously coiled aneurysms due to its high complete angiographic occlusion rates even in the case of large and giant proximal intracranial internal carotid artery (ICA) aneurysms. 6 Yet, application of flow diversion in the setting of acute aneurysm rupture is limited by the need for dual antiplatelet therapy and the risk of aneurysm rupture as the treatment works progressively over time in closing the aneurysm.
One potential treatment paradigm that has not been extensively explored is the role of planned staged endovascular treatment with coiling in the acute phase to reduce early rebleeding risk followed by planned flow diversion once the patient is stabilized and able to tolerate dual antiplatelet therapy. We report a consecutive series of patients from 2 institutions with acutely ruptured large and/or complex aneurysms treated with a staged approach of conventional coiling followed by flow diversion after the patient has recovered from the acute effects of subarachnoid hemorrhage (SAH).
methods institutional experience
This prospective case series included patients from 2 institutions with a tertiary cerebrovascular center: Mayo Clinic, Rochester, Minnesota, and Ospedale Niguarda, Milano, Italy. Approval from the institutional review board at each institution was obtained for review of prospectively maintained databases of all patients between April 2009 and August 2014 who underwent coil embolization with the intention of subsequent flow-diversion therapy for treatment of ruptured intracranial aneurysms. All patients provided consent allowing use of their medical records for research purposes. All patients were informed of the plan to perform staged coil embolization followed by flowdiverter treatment for their complex ruptured intracranial aneurysm. Patients were considered for surgical clipping, but clipping was not performed because of aneurysm location, complexity, or patient preference. Demographic characteristics, clinical presentation (including Hunt and Hess score, Fisher grade, and World Federation of Neurosurgical Societies [WFNS] subarachnoid hemorrhage grade), aneurysm size (maximum diameter measured by 3D digital subtraction angiography), and aneurysm location were recorded for each patient.
endovascular technique
All patients underwent standard endovascular coiling in the acute phase after SAH. The intention was not to achieve complete occlusion during the first part of this staged treatment. Flow diversion was scheduled and considered after a variable period of time (and usually during a separate hospitalization) once patients were considered to have recovered from the acute phase following SAH. Prior to subsequent flow diversion, patients were medicated with aspirin and clopidogrel and maintained with full anticoagulation during the procedure. No patient underwent testing for platelet responsiveness to clopidogrel or aspirin. After the procedure, patients continued dual antiplatelet therapy for a minimum of 3 months based on individual patient and aneurysm characteristics. The number and sizes of flow diverters chosen in each case were based on the diameter of the parent vessel and ability for adequate coverage of the aneurysm neck. All endovascular procedures were performed with patients under general anesthesia. 3D digital subtraction angiography images of the entire circulation were obtained at 2 frames per second before and after placement of the coils or flow diverters. For every endovascular procedure, data were collected regarding use of adjunctive devices, type of flow diverter used, intraprocedural complications, and immediate angiographic occlusion status.
angiographic and clinical outcomes
Angiographic outcomes for coiling and flow diversion were stratified into 3 categories based on degree of aneurysm occlusion. 1) Complete occlusion was defined as absence of angiographic filling in the aneurysm neck or sac. 2) Near-complete occlusion was defined as small residual neck filling without any filling of the aneurysm sac. 3) Partial occlusion was defined as persistent filling of the aneurysm sac and neck. For coil embolization, the angiographic status of the aneurysm was determined by the surgeon immediately after coiling and prior to the staged flow-diversion procedure. After placement of the flow diverter, the extent of angiographic obliteration was assessed at the last follow-up. Aneurysm rupture or ischemic/thromboembolic complications were categorized as procedure related, while other clinical complications were categorized as SAH related if the clinical outcome was not related to the endovascular procedure and occurred during the acute phase of the SAH. Periprocedural complications were further stratified into early complications (≤ 30 days) or late complications (> 30 days). The modified Rankin Scale (mRS) was retrospectively used to describe the extent of patient disability at time of discharge from procedures and at the last clinical follow-up visit.
statistical analysis
No statistical comparisons were made in this study. All continuous variables are presented as the mean ± SD. All categorical variables are presented with their corresponding percentages. Analyses of final clinical and angiographic outcomes were performed on an intent-to-treat basis. All analyses were performed using the SAS-based statistical software package JMP version 10.0 (www.jmp. com).
results patient characteristics
A total of 31 patients (17 females and 14 males) underwent coiling in the acute phase with the intention to consider flow diversion at a later time. Twenty-nine of these patients experienced rupture of previously untreated aneurysms, and 2 patients had rupture of previously coiled aneurysms.
The mean age at the time of SAH was 52.1 ± 11.1 years (range 30-72 years). On presentation, the Hunt and Hess grade was I in 14 patients (45.2%), II in 6 patients (19.4%), III in 4 patients (12.9%), IV in 1 patient (3.2%), and V in 6 patients (19.4%). The mean maximum diameter of these aneurysms was 15.8 ± 7.9 mm. Aneurysms were located in the supraclinoid ICA in 12 patients, ICA terminus in 6 patients, anterior communicating artery in 5 patients, and basilar bifurcation in 4 patients. Eleven of 31 patients (35.5%) had additional aneurysms. Demographic information, clinical presentation, and aneurysm characteristics are summarized in Table 1 .
endovascular coiling perioperative outcomes
Endovascular coiling outcomes are summarized in Table 2. During the initial coiling procedure, all aneurysms were successfully treated without the use of stent assistance; 1 case (3.2%) required the use of balloon assistance. The intention in most instances was not to achieve complete occlusion during the first part of this staged treatment but to provide short-term protection from rebleeding. Angiographic occlusion immediately after coiling showed complete occlusion in 3 cases (9.7%), near-complete occlusion in 13 cases (41.9%), and incomplete occlusion in 15 cases (48.4%). There were 2 cases (6.5%) of intraoperative rupture with no associated permanent morbidity or mortality. Two patients had groin hematomas postprocedure.
During the course of their hospitalization, 45.2% of patients developed symptomatic hydrocephalus as a result of their SAH, requiring transient management with lumbar drains or placement of external ventricular drains. Vasospasm was medically treated in 9 patients (29%), and 5 vasospasm patients (16.1%) were treated with endovascular intervention (2 with intraarterial verapamil infusion and 3 with angioplasty). During the initial coiling phase, there were 4 cases of perioperative ischemic stroke leading to permanent morbidity in 2 cases. One of these patients suffered a carotid occlusion due to thrombosis adjacent to his coiled right ICA aneurysm 4 days after treatment and had subsequent widespread vasospasm related to the subarachnoid hemorrhage that led to right middle cerebral artery and anterior cerebral artery distribution infarcts despite a decompressive hemicraniectomy and 2 subsequent intraarterial verapamil infusions.
There was 1 case of early rebleeding following the coiling stage of the planned staged treatment. A 35-year-old female patient with a 20-mm ophthalmic ICA aneurysm had rupture of the target aneurysm within 30 days of treatment. The patient did not experience any additional morbidity from the rebleeding. She underwent re-coiling with the intent to perform flow diversion within 16 weeks. At final clinical follow-up, this patient had an mRS score of 4. Another patient underwent planned staged coil-flow diverter treatment of a previously coiled ruptured aneurysm. This patient was a 72-year-old woman with an 11-mm supraclinoid ICA aneurysm that reruptured 9 months after coil embolization. In this case, initial coil treatment was not performed as part of the staged coil-flow diversion protocol. However, the decision was made by the practitioners to re-treat the aneurysm with coiling in the acute phase followed by flow-diverter treatment within 16 weeks. At final clinical follow-up, this patient had an mRS score of 3.
At the time of initial discharge, 32.3% of patients had no symptoms (mRS Score 0), 16.1% of patients had minor symptoms (mRS Score 1), 19.4% of patients had slight disability (mRS Score 2), 16.1% of patients had moderate disability (mRS Score 3), and 3.2% of patients had moderately severe disability (mRS Score 4). Of the 31 patients, there was 1 case of permanent morbidity related to carotid occlusion and vasospasm (mRS Score 5) that precluded further flow-diversion therapy. There were 3 cases of mortality due to complications of the original subarachnoid hemorrhage (9.7%).
Flow-diversion therapy perioperative outcomes
Perioperative outcomes of flow-diversion therapy are summarized in Table 3 . A total of 27 patients underwent staged placement of the flow diverter after adequate recovery from the prior subarachnoid hemorrhage (87.1%). The Pipeline Embolization Device (PED) (Covidien/ev3 Neurovascular) was used in 77.7% of cases (21 patients), while the Flow Re-Direction Endoluminal Device (FRED, MicroVention, Inc.) and Silk devices (SFD; Balt Extrusion) were each used in 7.4% of cases (2 patients). The p64 (Phenox) and Derivo (Pforzheim) device were each used in 1 patient. A single flow-diversion device was placed in 26 cases. In 3 of these 26 cases, initial PED placement was initially unsuccessful but was successfully reattempted at a later date. Adjunctive coiling was performed in 2 aneurysms treated with the PED and in 1 aneurysm treated with the Silk device.
The median time between previous coiling and successful flow-diverter treatment was 17 weeks (range 8 days to 100 weeks). On preprocedural angiography, 92.6% of patients had aneurysms that were incompletely occluded, and 7.4% of patients had aneurysms that were nearly completely occluded with residual neck or dog-ear filling. At the time of the procedure, 51.9% of patients (14 cases) reported they had no symptoms, 22.2% of patients (6 cases) reported minor symptoms (mRS Score 1), 18.5% of patients (5 cases) reported slight disability, 1 patient reported moderate disability, and 1 patient reported moderate severe disability. Intraprocedural complications related to thrombus formation occurred in 2 patients (7.4%). Intraoperative abciximab infusion was given in both cases and complete recanalization was achieved. No other patient experienced any intraprocedural complications including device migration, parent or branch vessel dissection, or vasospasm. During the perioperative phase, 3 patients (11.1%) experienced minor complications with no permanent morbidity or mortality, including 2 transient ischemic attacks (6.4%) and 1 groin hematoma (3.7%). In the group of patients who underwent flow-diversion therapy, there were no other cases of ischemic/thromboembolic stroke, intraparenchymal hemorrhages, or perforator infarctions, and no cases of mortality or permanent morbidity.
clinical outcomes
Clinical outcomes at all stages of treatment are summarized in Table 4 . All 27 patients who underwent flowdiversion therapy underwent clinical follow-up with a mean time of 18.3 ± 12.3 months (range 0-40 months). Among patients who received flow-diverter therapy, at the time of discharge from flow-diversion placement, 48.1% (13 patients) of patients had no symptoms, 33.3% (9 patients) of patients had absence of significant disability, 11.1% (2 patients) of patients slight disability, and 7.4% (2 patients) of patients had moderate disability.
Among all patients at last follow-up, analyzed on an intent-to-treat basis, 45.2% (14 cases) of patients reported no symptoms, 22.6% (7 cases) of patients reported absence of significant disability, 12.9% (4 cases) of patients reported slight disability, 1 patient (3.2%) reported moderate disability, 1 patient (3.2%) reported moderate severe disability, 1 patient had severe disability, and 3 patients (9.7%) died.
angiographic outcomes
Angiographic outcomes at all stages are summarized in Table 5 . At the time of flow-diverter treatment, 92.6% and 7.4% of patients who went on to staged Pipeline embolization had incomplete and near-complete occlusion of the aneurysmal sac at the time of flow diversion, respectively.
Of the 31 patients who were initially included in this study, 24 patients underwent radiological follow-up and 7 did not (1 patient refused further imaging studies, 1 patient was lost to follow-up, 1 patient has not yet reached the date for first follow-up imaging, 3 patients died, and 1 patient suffered severe disability). The mean time of last radiological follow-up was 19.2 ± 12.0 months (range 1-40 months). The imaging modality at the last follow-up study was digital subtraction angiography in 14 patients, MR angiography in 10 patients, and CT angiography in 1 patient. At the time of the last imaging study, 15 patients (48.4% on intent-to-treat basis) had aneurysms that were completely occluded, 3 patients (9.7% on intent-to-treat basis) had aneurysms that were nearly completely occluded, and 4 patients (12.9% on intent-to-treat basis) remained with a stable but incompletely occluded aneurysm.
There was 1 case of retreatment/additional PED treatment. This patient underwent treatment of a basilar bifurcation aneurysm with the PED. However, the patient required retreatment at 40 weeks after initial PED treatment due to progressive filling of the residual aneurysm with increase in size, mild hydrocephalus and mass effect on the brainstem. This case is demonstrated in Fig. 1 .
discussion
Our study demonstrated that staged planned coiled embolization in the setting of acute SAH followed by flow-diverter treatment after recovery from the SAH is both safe and effective. We found that this strategy is valuable for complex ruptured aneurysms as it allows for transitioning of the patient from the acute phase where dual antiplatelet therapy would be contraindicated to a more subacute phase where the patient and aneurysm are stabilized and dual antiplatelet therapy is safer. Importantly, we observed only 1 case of rebleeding, suggesting that partial coiling in the acute phase is feasible. Complications were mostly observed during the period immediately following the SAH and were related to the coiling procedure or the SAH itself.
Other studies reported the use of flow diversion for treatment of acutely ruptured aneurysms. Chalouhi et al. reported a series of 20 patients with ruptured aneurysms treated with the PED in the acute phase. Of these, 4 patients had staged coiling followed by PED treatment and 6 patients had adjunctive coiling during PED treatment. Over 90% of patients had good neurological and angiographic outcomes in this study. 2 McAuliffe et al. reported a series of 11 acutely ruptured aneurysms treated with the PED within 1 month of rupture. Of these aneurysms, 6 received concomitant coiling. Two aneurysms treated with the PED alone reruptured in the acute phase, leading to death in both cases.
9 Similar to our strategy, Nossek et al. reported the use of staged coiling followed by PED treatment of 2 ruptured aneurysms with good results. 11 However, to our knowledge our study is the first report to 
* Results reported only for patients receiving flow-diverter treatment. † Results reported on an intention-to-treat basis.
provide an in-depth analysis of complications, rebleeding rates, and long-term efficacy in a consecutive series where the goal was immediate protection from rebleeding with coils while allowing patients to recover from the acute effects of the SAH, thus allowing for safer delayed use of flow diverters. In our study of large and complex ruptured aneurysms, good neurological and angiographic outcomes were achieved in approximately 80% and 60% of patients, respectively. We consider this a remarkable achievement given the complexity of some of the aneurysms treated and the fact that 23% of patients had presented with poor-grade SAH.
There are a number of important factors to consider when deciding to pursue the treatment strategy outlined in this report. The ultra-early treatment of ruptured aneurysms with endovascular coiling is increasingly well established; however, the idea of not attempting complete obliteration of the aneurysm during the initial treatment remains largely unexamined. 3, 8, 13, 14 In our experience, it is important that the goal of this combined approach is to achieve just enough packing density to prevent early rebleeding but is not so aggressive so as to perforate the aneurysm or tightly pack the aneurysm, risking coil prolapse. The risks of such aggressive treatment are demonstrated in our patient who suffered an ICA occlusion, which was most likely related to overpacking of the aneurysm, which compromised the parent artery. While our study demonstrated only 1 case of rebleeding despite high rates of incomplete occlusion during the initial treatment, the risks of incompletely packing a ruptured aneurysm are well established. The Cerebral Aneurysm Rerupture After Treatment (CARAT) study demonstrated a rerupture rate of 3.4% for coiled ruptured aneurysms with a median time to rerupture of 3 days. The degree of aneurysm occlusion was the strongest predictor of rerupture with rupture rates of 17.6% of aneurysms that were less than 70% occluded. 5 Sluzewski et al. found that incomplete initial aneurysm occlusion was associated with higher odds of early rerupture for coiled ruptured intracranial aneurysms. 12 Jartti et al. found an early rebleeding rate of 8.8% among incompletely coiled ruptured aneurysms compared with 2.0% for aneurysms with a neck remnant. 4 In using this strategy of incomplete coiling followed by delayed flow diversion, we have paid special attention to identifying the most likely point of rupture and targeted coiling with special emphasis in packing and thus protecting the rupture site while avoiding-when too risky-overpacking the neck to avoid compromise of the parent artery. However, based on the historically high rates of aneurysm recurrence following coiling of the types of lesions that were included in this study (i.e., large and/or complex aneurysms), we felt that postcoiling parent vessel reconstruction with flow diverters would offer the patients the best chance of an angiographic cure without the risks of surgery or aggressive endovascular coiling.
Another important factor to consider when choosing this treatment strategy is patient selection. When using this strategy, one has to keep in mind that patient compliance with dual antiplatelet therapy and imaging follow-up is key. This is illustrated in our case in Fig. 1 with a basilar bifurcation aneurysm in whom complete occlusion occurred over several months requiring close imaging and clinical follow-up, additional PED treatment, and careful modulation of antiplatelet drugs. We would not recommend this strategy in a potentially noncompliant patient who may not return for follow-up visits. Also, the safety and efficacy of flow diversion for non-ICA sidewall morphology is not well established 6 and requires close scrutiny in larger numbers of patients. Importantly, in our study we did not perform routine platelet testing prior to flow-diverter treatment. There currently exists no evidence that preoperative platelet testing results in improved outcomes among patients receiving flow-diverter therapy with the PED. In fact, in a recently performed subgroup analysis of the International Retrospective Study of Pipeline Embolization Device registry, the use of platelet testing was associated with higher odds of morbidity and mortality. 1 Our study has limitations. While patients included in this study were part of a prospectively collected database, we did not establish an a priori study protocol; thus, there were no strict criteria regarding important factors such as antiplatelet therapy regimens. In the setting of complex aneurysms such as those treated in our study, it is difficult to establish a set protocol as each aneurysm is unique and treatment decisions need to be made on a case-by-case basis. All angiographic outcomes were assessed by the operator and not by an independent core laboratory, which could increase the risk of bias. In addition, 7 patients did not undergo any follow-up imaging. Due to the lack of complete follow-up, we analyzed our final angiographic outcomes on an intent-to-treat basis. Clinical outcomes were based on patient self-assessment in one center while they were assessed by a member of the treatment team in the other. Lastly, the significance of aneurysm remnants after flow diversion is not well understood as very few studies exist following flow-diverter patients beyond 1-2 years posttreatment. Using very strict criteria of angiographic complete occlusion, our complete occlusion rate was only 48.4%, although most of the residual filling was minimal considering the complexity of these aneurysms and of questionable clinical significance. Lastly, we did not include a control group in this study. Therefore, it is difficult to determine if our treatment strategy would be superior to a treatment strategy that involved either coiling with intent to completely occlude the aneurysm or surgical clipping.
conclusions
Staged treatment of ruptured intracranial aneurysms with coiling in the acute phase and flow-diverter treatment following recovery from SAH is both safe and effective. In our series, all major morbidity and mortality occurred during the acute rupture phase. One case of rebleeding occurred during the interval between coiling and flow diversion. No patients suffered additional morbidity or mortality from flow-diverter treatment. Further studies with robust longitudinal follow-up are needed to determine if this is an ideal treatment strategy for complex ruptured intracranial aneurysms.
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